Long-term series of surface solar radiation at Athens, Greece This percentage for Athens is in the lower limit, compared to other studies for the Mediterranean 24 area. For the brightening period (1980-2012) we have calculated a +1.5% per decade which is also 25 in the lower limit of the reported positive changes in SSR around Europe. Comparing the 30-year 26 periods (1954-1983 and 1983-2012) we have found a difference of 4.5%. The difference was 27 observed for all seasons except winter. Using an analysis of SSR calculations of all sky and clear 28 sky (cloudless) conditions/days, we report that most of the observed changes in SSR after 1954 can 29 be attributed partly to cloudiness and mostly to aerosol load changes. 30 
Introduction

1
In the past decades surface solar radiation (SSR) and the transmission of the atmosphere have been 2 of increasing interest because of the related impacts on climate. Most of the energy in the Earth-3 atmosphere system is introduced by solar radiation as it provides heating, which creates pressure 4 gradients and ultimately wind, as well as it triggers water, carbon and oxygen cycles through 5 evaporation and photosynthesis. These processes define the climatological conditions, and changes 6 of incoming solar radiation rapidly affect the energy balance (Wild et al., 2015) . Interest on the 7 solar radiation changes has also been raised after the development of solar energy applications, 8 which are continuously growing in number over the recent years. Changes in SSR have been 9 recorded over the last century and can be caused either by natural events such as volcanic eruptions 10 or human-related activities, mainly in polluted regions (Wild, 2016) . At larger scales (thousands of 11 years) changes in SSR, might have been caused by changes in the Earth's orbit and Sun solar output 12 (Lean, 1997; Ohmura, 2006) . 13 Systematic continuous measurements of SSR were established in the middle of the 20th century at 14 selected meteorological observatories. Solar variations have been investigated in several studies 15 using ground based SSR measurements from various monitoring networks worldwide (e.g., 16 Ohmura, 2009) and also by satellite-derived estimations (e.g. Kambezidis et al., 2010) . Overall, 17 most of these studies (Gilgen et al., 1998 1960-1985 (known as dimming period), followed by an increase (brightening period) thereafter. 20 These changes were larger in more polluted and urban areas but have also been recorded in isolated 21 regions such as the Arctic (Stanhill, 1995) and Antarctica (Stanhill and Cohen 1997) . Changes in 22 atmospheric transmission due to variations in cloudiness and aerosol concentration are the main 23 factors to be investigated in order to determine the possible causes of such trends in SSR (Wild, 24 2009 ). 25
The cloud and aerosol radiative effects on solar radiation variations over the past decades have been 26 investigated by numerous studies during the last years. The inter-annual variations in cloudiness is 27 crucial for studying SSR time series, but its decadal variability is not always connected with the 28 widespread dimming and brightening effects (Wang et al., 2012; Wild, 2016 are now considered as the major cause of brightening and dimming effects (Wild, 2016) . The 7 gaseous and particulate air pollutants may reduce solar radiation by up to 40% during air pollution 8 episodes (Jauregui and Luyando, 1999 ). This attenuation is much larger during forest fires, dust 9 events and volcanic eruptions. Vautard et al., (2009) , have also reported on a decline of the 10 frequency of low-visibility conditions such as fog, mist and haze in Europe over the past 30 years, 11 suggesting a significant contribution of air-quality improvements 12
Long-term series of SSR measurements are essential for such studies. One of the main constraints in 13 studying SSR temporal changes is the small number of sites with reliable long-term records, even 14 over areas with high density of stations such as Europe, Japan or the USA. In Europe for example, 15 there are currently less than 80 stations with more than 40-years homogeneous data (Sanchez-16 Lorenzo et al., 2015), with very few of them operating over Southern Europe. Recently, a high-17 quality dataset of SSR has been set up over Italy (Manara et al., 2016 ), but there is still lack of high 18 quality long-term trends in other countries around the Mediterranean Basin. 19 In addition, even more sporadic measurements are available before the 1950s (Stanhill and 20 Achiman, 2016) ; the few studies of them have pointed out an SSR increase in the first decades of 21 the 20 th century and a maximum around 1950 (Ohmura, 2006 The SSR data used in this study cover the period from December 1953 to December 2012 and were 10 measured by a series of pyranometers that are mentioned in Table 1 Also, both total and diffuse horizontal measurements are corrected for the night-time dark-signal 1 offset of the pyranometers. 
15
The results of figure 1 show the average yearly pattern of SSR at ASNOA. The day to day 16 variability that is shown as "noise" in the plotted blue line comes from the 60 year averaging of 17 each day and is mostly related with the amount of cloudiness for each of the averaged days. For the determination of the clear sky (defined here as the cloudless) days, we have used both the 12 cloud octas and SD data. Daily observations have been used for this analysis. We have defined as a 13 clear sky day each day that fulfills the following criteria: 14 -the mean daily cloudiness (in octas) should be less than 1.5, and 15 -the total daily SD should be higher than 90% of its theoretical (astronomical) value. 16
The procedure for calculating a single mean cloud octa value for each day was the following: 17 We have first excluded night-time cloud observations; then, we have weighted each observation 18 based on the hour of the observation. Weights have been calculated based on the solar radiation 19 contribution of the specific time slot and day of the month, compared with the daily clear sky SSR 20 integral, of the particular day and month. 21 22
Reconstruction of SSR from SD 23
We have used the 1900-2012 SD time series in order to extend our SSR time series back to 1900. 24
For that purpose we have used a recent period (1983-2012) in order to derive a function between 25 SD and SSR and a testing period to verify the validity of this function and results. 26
Finally we applied this derived and tested formula for the 1900-1952 period where SD 27 measurements were available while SSR were not. In order to derive a relationship between SD and 28 SSR, we used the broadly accepted formula of Ångström (1924) only be used in large data sets as a statistical approach. That is because for different cloud height, 1 thickness and positioning, the constants can show a large variability (Angell, 1990 been found (see Figure 3) . 22 Table 2 . 6 The first sub-period shows a negative annual change of -2.33% per decade in SSR, which is also 16 reflected in all seasons with predominant changes during winter (-6.43% per decade). The second 17 sub-period shows a positive trend of +0.80% per decade with highest ones in spring (+2.77% per 18 decade) and summer (+1.38% per decade) and negative in autumn (-1.50% per decade). Looking at 19 the trend significance described by the 95% confidence bounds, we can see significant positive 20 trends for 1900-2012 (yearly, summer and spring) and significant negative trends for yearly 21 analysis and winter of 1953-1982. 22 In order to have a better understanding of the SSR changes over the 112-year period (1900-2012), 23 we have calculated the decadal SSR trends for different time-windows (15 to 40 years). The right panel of Figure 7 shows the SSR change per decade for the months of January, April, Figure 9 shows the 9 correlation between annual mean SSR and cloud cover. From the best-fit linear regression line it is 10 seen that a -1.54 MJ m -2 (or -9.6%) change in mean daily insolation accounts for a change of 1 octa 11 in cloud cover. 12 has not been included in the analysis since it does not include measurements for all months. 4 5 However, the great scatter of the data points and the low correlation of the two parameters in Figure  6 9 (R 2 =0.229) indicate that the presence of cloud cover can only partly explain the changes in SSR. 7
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% deviation from normal
In addition, there is no significant change in cloudiness over the 59 year period for Athens, Greece. 8
Calculating linear changes of cloudiness from data shown Figure 8 , shows a non significant change 9 of -0.4% per decade which can practically have a limited effect on SSR changes during the 10 examined period. 11 Nevertheless, it is worth mentioning that different cloud properties like cloud optical thickness and 12 cloud phase, not described by the measurements of cloud cover, can influence SSR. Athens area is shown in the right axis. 4 5 Figure 11 shows that most of the SSR variation observed for the measuring period has to be 6 explained by other factors than changes in cloudiness (see figure 8 for variations due to cloudiness). 7
Different seasons with the exception of wintertime show similar patterns to the year-to-year 8 variability. Individual seasonal calculated SSRs do not exceed by more than ±5%, the SSR 9 variability of all sky data, with the exception of the winter season. Comparing clear sky and all sky 10 yearly mean SSR, we find a high correlation (R 2 = 0.71), which can be explained as a combination 11 of: aerosol changes driving the SSR changes and by the number of clear sky days during the year. 12
There is a decrease of more than 15% in the clear sky SSR from the start of the series to the end of 13 1960's. A decline after 1983 could possibly be related with El Chichon volcanic eruption. 14 The Pinatubo-related drop of 10% from the early 1990's to the mid 1990's, can also be seen in both 15 cloudless and all-sky datasets and also to the increase in AOD in the AVHRR dataset (Figure 11) . 16
Finally, the ~13% change from 1995 to 2012 shown for all skies (Fig. 8 ) and clear skies ( ChArMEx AOD data is due to the method used to build this product and uses the trend and not the 4 interannual variability which is not included in the global model that was used. In addition to figure 11 we have included figure 12 showing the ratio of cloudless days to all 9 available days for each season and for each year. Figure 12 shows a minimum (less than 30% 10 during a year) of the number cloudless days from mid-1970's to early 1990's. It is mostly linked 11 with the decrease of cloudless days during summer months. The figure provides a hint on the SSR 12 relative changes observed during this period, but it can not directly interpret year to year SSR 13 changes as they depend also on cloud fraction and properties for cloudy days. In addition, it can 14 only partly be linked with fig. 11 as aerosol effects on cloudless sky calculated SSRs depend mostly 15 on AOD levels and not on the number of days included in the calculations. 16 
17
In Table 3 
